The dynamics of a semiconductor-laser array whose individual elements are coupled in a global way through an external mirror is numerically analysed. A coherent inphase solution is seen to be preferred by the system at intermediate values of the feedback coupling strength. At low values of this parameter, a strong amplification of the spontaneous emission noise is observed. A tendency towards chaos synchronization is also observed at large values of the feedback strength.
Semiconductor lasers are used in a wide range of applications including, among other examples, optical communication systems, compact disk and CD-ROM units, bar-code readers, and laser printers. Some of their advantageous features are their small size, high efficiency, low price, simple pumping requirements, and the possibility to modulate their injection current at high frequencies. In general, semiconductor lasers can emit either in a continuous or in a pulsating way, but in any case the maximum emitted power is usually lower than a few tens of mW. However, for many applications it is desirable to have high-power coherent emission available from small sources. So far, edge-emitting semiconductor lasers have been designed to produce relatively high power (up to a few W ) by arranging them in one-dimensional arrays [Welch et al., 1988] . More recently, two-dimensional arrays of vertical-cavity surface-emitting lasers (VCSELs) have also been developed [Sanders et al., 1994] . Increase in the output power is obtained through either coherent or incoherent superposition of the laser beams emitted by the individual elements in the array. In the coherent case, the phase difference between neighboring beams has a constant value (the array is said to be phase locked). This situation is usually preferred, since in this case the maximum output power scales with the square of the number of elements in the array. On the other hand, an incoherent (non phase-locked) superposition leads to a total output power whose maximum value scales linearly with the number of elements.
In order to have phase locking, some kind of coupling must exist between the dynamics of the individual lasers of the array. In standard diode-laser arrays, coupling between the elements occurs locally through the smooth overlap of the evanescent field of each individual laser with those of its nearest neighbours. In this case, the laser array can reach a phaselocked state if the separation between neighboring elements is small enough (typically lower than 10 µm). Phase locking usually arises in one of two ways: either all lasers emit with the same phase (in-phase solution) or the phase difference between neighboring lasers is fixed to a constant nonzero value (out-of-phase solution). The in-phase solution produces constructive interference in the optical axis, whereas for the out-of-phase state, interference is destructive. Local coupling usually leads to out-of-phase emission [Winful & Wang, 1988] , which is more favorable energetically; in fact the stability range of the in-phase solution is seen to be very small [Li & Erneux, 1993] .
In this work, we propose a different way to couple the elements of the array, with the aim of favoring the in-phase coherent state. Instead of using a local coupling like the one provided by the evanescent field, we now consider a global, all-to-all coupling through an external mirror at one side of the laser [Leger et al., 1988] . Global coupling is known to enlarge the stability range of the in-phase solution [Li & Erneux, 1993] . With such a configuration, a coherent superposition of the individual laser beams takes place at the mirror, and part of the resulting electromagnetic field is fed back into the array, in such a way that each individual laser is influenced by all other elements of the array in an all-to-all coupling. A characteristic feature of this global coupling is that it involves a delay, due to the time τ that the light takes to propagate towards the mirror and back into the array.
Other feedback schemes have been recently proposed to stabilize phase locking [Dasgupta & Andersen, 1994] and to control the chaotic output [Auerbach & Yorke, 1996] of semiconductor laser arrays. In those cases, however, the feedback loops are of optoelectronic nature, whereas our current proposal involves all-optical feedback coupling. Local feedback coupling has also been recently proposed to control the transverse dynamics of broad-area lasers [MartinRegalado et al., 1996] .
In a first approximation, we ignore the evanescent local coupling by considering a large enough separation between neighboring lasers of the array. The array output is observed at the focal plane of a lens (at the opposite side of the external mirror), which is called the far-field plane and corresponds to the Fourier transform of the system. In order to analyse the behavior of the proposed scheme, we have performed numerical simulations of a system of coupled rate-equations based on the Lang-Kobayashi model [Lang & Kobayashi, 1980] :
where n is the number of lasers in the array, E i (t) is the complex envelope of the electric field emitted by laser i, and N i is the corresponding carrier number. The material gain is given by
| 2 and the threshold value of the carrier number is N th = γ/g + N 0 . Feedback is described by two parameters, the feedback strength κ and the external round-trip time τ . For simplicity, we have assumed that both κ and τ are the same for all the lasers of the array. The feedback term also depends on the frequency ω = 2πc/λ, where λ is the wavelength of the emitted light and c = 3 × 10 8 m/s is the speed of light in vacuum. The random spontaneous emission process is modeled by a complex Gaussian white noise term ξ(t) of zero mean and correlation
The definitions and values of the rest of parameters are given in In order to characterize the behavior of the system, we define an incoherent intensity
and a coherent intensity
The physical interpretation of these magnitudes is the following. S is the sum of the individual laser intensities; it can be measured by placing a broad-area detector next to the output face of the array, and it is defined in such a way that S/n gives the output level of emission from one individual laser. The intensity I, on the other hand, corresponds to a coherent superposition of the individual electric fields; it can be measured by placing a detector at the far-field plane of the lens.
Typical phase-locked states of the system are shown in Fig. 1 , for a three-laser array and a delay time τ = 500 ps. At low values of the feedback strength κ an out-of-phase solution arises (Fig. 1a) , characterized by a value of I close to 0 (destructive interference);
in fact the intensity profile in the far field has in this case a double-lobed structure with Contrarily to what happens in locally coupled arrays, an in-phase solution can now be easily obtained by increasing the feedback strength. Figure 1b shows such an in-phase behavior, for which I ≈ nS (which means that the intensity at the far-field plane is n 2 times the output from a single laser); the intensity profile in the far field is now single lobed. The phase difference between neighboring lasers is 0. We have checked that in most of the cases we tested, different values of the κ parameter for different lasers of the array still give in-phase solution, although the output power can be lower than in the case of equal κ. A detailed study of the synchronization dependence on feedback parameters is left for a near future. We should note that the range of stability of this in-phase solution is very broad; a transition from the out-of-phase to the in-phase state can be easily induced simply by increasing κ.
Preliminary results show that this transition is hysteretical, which indicates the possibility of coexistence between the in-phase and out-of-phase coherent states. The stability region of the in-phase state depends on the external round-trip time τ . In particular, simulations
show that for values of τ not too large, the width of this region increases when τ decreases.
Additionally, and according to what is known in the case of a single semiconductor laser with optical feedback, the phase accumulated by the field in the external cavity, φ ext = ωτ , should also play an important role in the behavior of the system. For the parameters that we have chosen and for τ = 500 ps, this accumulated phase is φ ext =0 (mod 2π ). We have checked that up to values φ ext ∼ ±0.5 (mod 2π ), in-phase coherence is still well reached. A more detailed study of this effect will be carried out in the future. For small values of the feedback strength κ, the delay time τ starts to have an important role in the dynamics of the system. For τ large enough (τ ∼ 1 ns) the system develops an outof-phase coherent state such as the one shown in Fig. 1a . However, when τ decreases bursts of incoherent behavior start to appear, leading to a highly fluctuating value of the coherent intensity I. This situation is shown in Fig. 2 for κ = 5×10 −5 ps −1 and two small values of the delay time τ . For τ = 250 ps (Fig. 2a) , high-amplitude bursts of incoherent behavior appear from the out-of-phase state. This highly fluctuating dynamics intensifies for smaller τ : for τ = 125 ps (Fig. 2b) , the system jumps wildly between the in-phase and out-of-phase states.
A naïve interpretation of this behavior can be given by reminding that a decreasing delay time tends to increase the stability range of the in-phase solution. This tendency contrasts with the destabilizing role of a decreasing feedback strength. A competition between these two effects could be the reason for the highly fluctuating behavior of the system. It should also be noted that this complex phenomenon only occurs if spontaneous emission noise (as described by the stochastic term ξ i (t) in Eq. (1)) is considered. Hence it can be said that one is observing an intense noise amplification for low values of κ and τ . oscillations, as shown in Fig. 3 for a three-laser array with κ = 0.002 ps −1 and τ = 500 ps.
This situation is to be expected, since single diode lasers exhibit a rich chaotic dynamics in the presence of optical feedback [Sacher et al., 1992] . Indeed, each individual laser of the array behaves chaotically, as shown in Fig. 3a , whereas some tendency towards synchronization can be observed by plotting the output intensity of one of the lasers versus another (Fig.   3b ). Chaos synchronization in laser arrays was predicted numerically by Winful & Rahman [1990] and observed experimentally by Roy & Thornburg [1994] .
In conclusion, we have numerically analysed the dynamical behavior of a semiconductor 
